Background: Eosinophil Derived Neurotoxin (EDN) is an eosinophil granule protein that is released during eosinophil activation. EDN has proven to be a promising marker for eosinophilic inflammation both in asthma and in wheezing symptoms in children.
Introduction
Eosinophil Derived Neurotoxin (EDN) is an eosinophil granule protein that is released during eosinophil activation. EDN has proven to be a promising marker for eosinophilic inflammation both in asthma and wheezing symptoms in children [1] [2] [3] [4] as well as in other inflammatory diseases such as rhinosinusitis, atopic dermatitis, inflammatory bowel disease (IBD) and eosinophilic GI disorders [1, [5] [6] [7] [8] .
EDN is a single-chain polypeptide of approximately 18.6 kDa and it shares approximately 70% sequence homology with Eosinophil Cationic Protein (ECP). EDN has antimicrobial, antiviral and chemotactic properties [9, 10] and is mainly expressed in eosinophils but
Materials and methods

EDN immunoassay description
The EDN immunoassay was developed for use with the automated ImmunoCAP technology and the Phadia instrument systems (Thermo Fisher Scientific, Uppsala, Sweden).
Briefly, a pair of complementary in-house monoclonal antibodies (mAbs) were used where the capture mAb was covalently coupled to the ImmunoCAP solid phase (a cellulose derivative enclosed in a capsule) which captures EDN in the serum or plasma sample. After washing away non-specific components in the serum or plasma, the detection mAb, labelled with the enzyme β-galactosidase was added to form a complex. After incubation, unbound enzyme-labelled anti-EDN was washed away and the bound complex were then incubated with a development solution, which reacts with the enzyme and produces a fluorescent substance. After stopping the reaction, the fluorescence of the eluate was measured. The higher the fluorescence, the more EDN is present in the sample. Developer Solution, Stop Solution and Washing Solution are all generic standard ImmunoCAP reagents. Purified EDN (Athens Research and Technologies, Athens, GA, USA) was used to develop a calibrator curve consisting of 5 calibrator points with a measuring range of 2-200 μg/l (2, 5, 15, 50 and 200 μg/L). A new software method for EDN, was developed for the Phadia 250 instrument for running the assays, including calibrator curve fitting and conversion of assay responses to EDN concentrations. The sample and enzyme conjugate incubation times were 30 and 24 minutes, respectively. The incubations were performed at 37 C and were terminated by extensive washing steps using ImmunoCAP Washing Solution. The fluorescence was measured by the Phadia 250 instrument at the end of the assay run and EDN concentrations were given in μg/l.
Assay performance
Precision testing
Five individual samples with five different EDN concentrations per sample matrix (serum, heparin-and EDTA-plasma) were assayed undiluted in three replicates in five separate assay runs and by using two different Phadia 250 instruments. The concentrations were selected to cover the measuring range (2-200 μg/L). Serum EDN (sEDN) concentrations were 154 μg/l, 102 μg/l, 66 μg/l, 21 μg/l and 5.4 μg/l. Heparin plasma EDN (hEDN) concentrations were 159 μg/l, 110 μg/l, 59 μg/l, 21 μg/l and 4.3 μg/l and EDTA plasma EDN (eEDN) concentrations were 162 μg/l, 109 μg/l, 50 μg/l, 23 μg/l and 4.6 μg/l. The intra-and inter assay coefficient of variation (%CV) was calculated for each sample.
Dilution linearity
The dilution linearity was evaluated by diluting three samples with three different EDN-concentrations 1/2, 1/3, 1/5, 1/10 and 1/20 in ImmunoCAP IgE/ECP/Tryptase sample diluent. The following undiluted concentrations (expected concentrations) were used: sEDN 146, 95 and 41 μg/l; hEDN 194, 83 and 60 μg/l; eEDN 61, 49 and 48 μg/l. The observed (O)/expected (E) ratio was calculated for each of the three samples using the following formula: O/E ¼ [(observed concentration x dilution factor)/(expected concentration)]x100. Regression analysis was also used to compare expected and observed EDN concentrations.
Spiked recovery
The recovery of EDN in serum and plasma samples was evaluated by spiking three samples of each of the sample matrices (serum, heparin-and EDTA-plasma) with each of three different known concentrations of EDN stock solution; sEDN: 100, 50 and 25 μg/l, hEDN and eEDN: 165, 78 and 36 μg/l. The recovery (percentage) was calculated using the following formula:
x 100, where a ¼ concentration of spiked sample, i.e. sample þ EDN stock solution (9 þ 1), b ¼ concentration of unspiked sample, i.e. serum sample þ ImmunoCAP IgE/ECP/Tryptase sample diluent (9 þ 1) and c ¼ concentration of dilution buffer spiked with stock solution, i.e. ImmunoCAP IgE/ECP/Tryptase sample diluent þ EDN stock solution (9 þ 1). All samples were analyzed in four replicates in one assay run.
Analytical specificity
Cross reactivity with other eosinophilic or neutrophilic proteins was evaluated. ECP (200 μg/l), MPO (1000 μg/l), Cathepsin (1000μ/ l) and lysozyme (1000 mg/l) were spiked separately into ImmunoCAP IgE/ECP/Tryptase sample diluent and analyzed in three replicates respectively in one Phadia 250 assay run.
Interfering substances
Two individual samples of low and high EDN concentrations (sEDN 17 μg/l and 197 μg/l; hEDN 7.6 μg/l and 189 μg/l; eEDN 7.2 μg/l and 183 μg/l) were individually spiked with each of the interfering substances (final concentration) haemoglobin (510 mg/dl), chyle (1660 FTU), bilirubin C (conjugated)(19.8 mg/dl), bilirubin F (free) (19.1 mg/dl) and IgM rheuma factor (RF) 490 IU/ml to simulate hemolytic, lipemic and icteric samples using a commercial interference study kit (Interference Check A. Plus (Sysmex Corporation, Kobe, Japan). As reference, the samples were diluted with the same volume of buffer solution (unspiked). All samples were analyzed in duplicate and mean concentrations of EDN (μg/l) for the samples were calculated. The mean concentrations of the spiked samples (observed) were compared with the mean concentrations of the unspiked reference samples (expected) according to: quotient (%) ¼ (observed/expected) x 100.
2.2.5.1. Heterophilic/human anti-mouse antibodies (HAMA). Three individual serum samples (EDN concentrations of 91, 68 and 21 μg/l respectively) were spiked 1:10 with three different sera with known concentrations of HAMA; Two HAMA controls from Bio-reclamationIVT (Baltimore, MD, USA) to a final HAMA concentration of 823 ng/ml and 2425 ng/ml respectively and one heterophilic antibody control sample from Scantibodies (Santee, CA, USA) to a final heterophilic antibody concentration of 246 ng/ml. As reference (expected values), the three unspiked serum samples were pretreated with heterophilic blocking tubes (Scantibodies, Santee, CA, USA).
All samples were analyzed in duplicate and mean concentrations of EDN (μg/l) for the samples were calculated. The mean concentrations of the spiked samples (observed) were compared with the mean concentrations of the unspiked reference samples pre treated with heterophilic blocking tubes (expected) according to: quotient (%) ¼ (observed/expected) x 100.
Specimen handling
Three individual samples of different EDN concentrations (sEDN 6.1, 18 and 214 μg/l; hEDN 4.5 μg/l, 8 and 213 μg/l; eEDN 4.3, 7.8 and 192 μg/l respectively) were collected to assess sample stability. All blood samples were kept at ambient room temperature for 1 h before centrifugation and separation of serum and plasma and then kept at 2-8 C for 7 d, at þ30 C for 6 h.
Three individual samples were also kept at À20 C for at least 6 months (sEDN: 11, 41 and 95 μg/l; hEDN: 9.4, 31 and 57 μg/l; eEDN: 6.6, 15 and 21 μg/l respectively).
Fresh samples (i.e. samples analyzed immediately after centrifugation and separation of serum or plasma) were used as reference and were analyzed in quadruplicate. Samples from all other time points were analyzed in duplicate and mean concentrations of EDN (μg/l) for the samples were calculated. The mean concentrations of the samples stored at different conditions (observed) were compared with the mean concentrations of the fresh sample (expected) according to: quotient (%) ¼ (observed/expected) x 100.
EDN concentration assessments and correlation to other biomarkers in healthy and asthmatic children
Study population
Voluntary children aged 5-18 years were recruited through the website of Mie National Hospital. They were to be excluded from the study if they had a non-allergic chronic disease or an acute infectious disease. All voluntary children completed the questionnaires of the International Study of Asthma and Allergies in Childhood [17] . In this study, we used its Japanese version [18] . Through the website, 227 children were recruited, of which 14 failed to show up. One hundred and two children had never experienced wheezing or whistling in the chest in the past and 106 children had. According to the answers to the questions, presence or absence of current (past 12 months) symptoms of asthma, rhinitis, atopic dermatitis and physician-diagnosed asthma were identified, see Fig. 1 . Of the children with a history of wheezing, 43 had experienced wheezing in the past 12 months and out of these, 37 had at some point, experienced asthma (asthmatic children). Of the 102 children with no history of wheezing, 86 had never experienced asthma (healthy children). The children were classified into two groups: healthy children control group without any symptoms of allergic diseases; asthmatic children group with current symptoms of asthma and physician-diagnosed asthma. The median age for the healthy children (n ¼ 86) was 12 years of age (range 5-16); males; n ¼ 43, females; n ¼ 43 and for asthmatic children (n ¼ 37) 10 years of age (range 6-16); males; n ¼ 22, females; n ¼ 15.
EDN in serum, heparin-and EDTA plasma
Serum EDN, hEDN and eEDN concentrations were determined as the mean of duplicates from the asthmatic children (n ¼ 37) and the healthy children (n ¼ 86).
EOS% and FeNO
The eosinophil fraction (EOS%) was determined for all healthy and asthmatic children.by calculating the total number of eosinophils/total number of white blood cells using UniCel DxH (Beckman Coulter).
The fraction of exhaled nitric oxide (FeNO) was determined by NIOX MINO (NIOX MINO, Aerocrine, Stockholm, Sweden). FeNO determination was not done for one individual in the healthy children control group and one in the asthmatic children group due to inability to perform the procedure, thus reducing the number of healthy children for FeNO measurements to n ¼ 85 and asthmatics to n ¼ 36.
Ethical considerations
This clinical study was conducted at Mie National Hospital in accordance with the Declaration of Helsinki. Its protocol was reviewed and approved by the ethics committee of the hospital (#24-1). All patient's guardians provided written informed consent.
Statistical methods
The median concentrations, 95% percentiles and ranges were calculated for all biomarkers (EDN, EOS% and FeNO). Data was not normally distributed so differences between asthmatic and healthy children were evaluated using the Mann-Whitney test, p values < 0.05 were considered statistically significant. Correlations between EDN and the other biomarkers as well as correlations between EDN in serum, heparin and EDTA plasma were calculated using the Spearman's rank correlation coefficient (r). The diagnostic performance of all four biomarkers was evaluated by calculating the receiver operating characteristics (ROC) curve from which the cutoff concentration for each biomarker was obtained at the maximum combined sensitivity and specificity. The area under the curves served as means of comparing the different biomarkers regardless of cut-offs. All statistical analyses were performed using GraphPad Prism 7.03, (La Jolla, CA, USA).
Results
Assay performance
Precision
The total precision (measured using percentage CV) was 5.8% for both serum and plasma samples (Tables 1-3) in five separate assay runs and using two different Phadia 250 instruments.
Dilution linearity
The dilution analysis yielded linear results across the dynamic range of the assay for both sEDN, hEDN and eEDN. The average correlation between observed and expected values was 0.99 for all matrices (Fig. 2) . Residual plots were reviewed and no systematic biases were observed (data not shown). The observed/expected ratio was within AE10% for all dilutions (1/2-1/20) and sample matrices.
Spiked recovery
The mean (range) recovery of EDN spiked into serum and plasma was for sEDN 101% (95-106%), for hEDN 104% (98-109%) and for eEDN 102% (97-109%).
Analytical specificity
Neither ECP, MPO nor cathepsin could be detected with the EDN assay whereas lysozyme was detected at a concentration of 7 μg/l lysozyme (the concentration of lysozyme in the dilution buffer was 1000 μg/l). This corresponded to a cross reactivity of 0.7% with lysozyme.
(Lysozyme preparation likely contained small amounts of EDN since EDN and lysozyme were purified from the same source material).
Interfering substances
Neither of the substances bilirubin F, bilirubin C, hemoglobin, chyle and rheumatoid factor (RF) interfered notably with the assay, with observed/expected ratios for all sample matrices, ranging from 92 to 106%, Table 4 .
3.1.5.1. HAMA/heterophilic antibodies. The three serum samples spiked with three different sera with known concentrations of HAMA/ heterophilic antibodies had an average observed/expected ratio of 99% (range 94-105%), suggesting no assay interference by HAMA or heterophilic antibodies. Intra (within assay variation), Inter (between assay variation), total (total assay variation), %CV (coefficient of variation). Samples were analyzed in three replicates in 5 different assay runs using 2 different instruments. Intra (within assay variation), Inter (between assay variation), total (total assay variation), %CV (coefficient of variation). Samples were analyzed in three replicates in 5 different assay runs using 2 different instruments. Table 5 .
EDN in serum, heparin-and EDTA plasma in healthy and asthmatic children
The median concentration of EDN was significantly higher (P < 0.0001) in the asthma group compared to the healthy group for all three sample matrices (Fig. 3) . The median EDN concentrations differed between the different sample matrices. Serum samples had higher EDN concentrations compared to heparin plasma while EDTA plasma had the lowest EDN concentrations ( Table 6 ).
The receiver operating characteristics (ROC) curves showed similar performance between the three sample matrices. The areas under the curve (AUC) were 0.84, 0.82 and 0.81 respectively for eEDN, hEDN and sEDN (Fig. 5 ). There was no statistically significant differences between the AUCs. Intra (within assay variation), Inter (between assay variation), total (total assay variation), %CV (coefficient of variation). Samples were analyzed in three replicates in 5 different assay runs using 2 different instruments. The ROC curves were used to find the EDN cut-off concentrations at the maximum combined sensitivity and specificity (Table 7) .
Comparison of serum EDN, EOS% and FeNO in healthy and asthmatic children
The median concentrations of sEDN, EOS% and FeNO were significantly higher (P < 0.0001) in the asthma group compared to the healthy group for all three biomarkers (Fig. 6 ). Median concentrations with 95% percentiles and ranges are shown in Table 8 .
The ROC curves showed similar performance between the three biomarkers. The areas under the curve (AUC) were 0.81, 0.78 and 0.73 respectively for sEDN, EOS% and FeNO (Fig. 8 ). There was no statistical differences between the AUCs.
The ROC curves were used to find the EDN, Eos% and FeNO cut-off concentrations at the maximum combined sensitivity and specificity (Table 9) . RF (rheumatoid factor). The sEDN concentrations in all individuals (asthma and healthy) correlated with the hEDN concentration (r ¼ 0.91) and eEDN concentration (r ¼ 0.87) and the hEDN concentration correlated with the eEDN concentration (r ¼ 0.93), P < 0.0001 (Fig. 4 ).
Discussion
We showed that the EDN immunoassay developed for use with the automated ImmunoCAP technology and the Phadia instrument systems (Thermo Fisher Scientific, Uppsala, Sweden) is a robust and reliable assay as indicated by: levels of precision 5.8% (including inter and intra assay variation) in serum, heparin plasma and EDTA plasma; a high sensitivity to EDN and no notable interference from haemoglobin, chyle, bilirubin (C and F) or IgM rheumatoid factor, nor from heterophilic or human anti-mouse antibodies.
EDN in all sample matrices tolerated þ30 C for 6 h as well as storage at 2-8 C for 7 d and at À20 C for at least 6 months, suggesting a general good sample stability.
There was a good dilution linearity covering the dynamic calibration range (2-200 μg/L) and good correlation between EDN concentrations measured in serum, heparin plasma and EDTA plasma.
The EDN concentrations from the same blood donors differed in different sample matrices according to: sEDN > hEDN > eEDN. The blood clotting prior to serum collection has been suggested by some to activate eosinophils, which makes them release more EDN thus adding to the free circulating EDN, much in the same manner as for ECP. Others claim that it might be a combined effect of eosinophils being primed to different extents in different individuals in combination with unknown factors in the different sample matrices [19] [20] [21] . Heparin prevents clotting by binding to plasma protein antithrombin and enhancing its effect against the coagulation system [22] . The mode of action of heparin most likely leaves the eosinophils in a less activated state compared to serum and thereby the hEDN concentration reflects the free circulating EDN, although this has not been proven to our knowledge. Ethylene diamine tetra acetic acid (EDTA) complexes metal ions in a 1:1 relationship. A lot of enzymatic processes are dependent on metal ions, e.g. calcium for blood coagulation. EDTA has shown optimal stabilization of blood cells since cells are inactivated and do not release any granules, thus possibly explaining the lower concentrations of EDN in this matrix [23] . Different sample matrices obviously results in different EDN concentrations but the mechanisms behind this discrepancy has not been fully described.
It is therefore not possible to directly compare EDN concentrations measured in different sample matrices. Our findings show that EDN concentrations measured in serum, heparin-or EDTA-plasma were significantly higher in children with asthma compared to healthy children, which is consistent with other reports [1] [2] [3] [4] . The maximum combined sensitivity and specificity differed somewhat between the different matrices, albeit not significantly. The sensitivity and specificity was 73 and 77% at 46 μg/l for sEDN, 78 and 70% at 16 μg/l for hEDN and 73 and 84% at 13 μg/l for eEDN with AUCs being 0.81, 0.82 and 0.83 respectively.
Serum being a commonly used sample matrix for EDN measurements was compared with EOS% and FeNO. As expected, the sEDN concentrations correlated well with EOS% but less with FeNO.
During inflammation in the airways, elevated levels of nitric oxide (NO) are released from epithelial cells of the bronchial wall [24] . Mechanistically, eosinophils and FeNO represent different pathways, which could partly explain the poor correlation [25] [26] [27] . Recently, it was shown that a combination of high FeNO and blood eosinophil count are related to impaired lung function and wheezing symptoms Evaluation of the correlation between the serum EDN concentration and the EOS% and FeNO concentrations for all individuals (healthy and asthma) showed that serum EDN correlated with EOS% (r ¼ 0.79), and to a lower degree with FeNO (r ¼ 0.52) ( Fig. 7) .
but not to a history of asthma attacks [28] . This implies that the secretory activity of eosinophils (e.g. EDN) may be of great importance to measure in combination with other biomarkers. Our data support this fact. In Fig. 9 , the scatter plots depicting sEDN vs EOS% (Fig. 9A ), sEDN vs FeNO (Fig. 9B ) and EOS% vs FeNO (Fig. 9C) show that the number of children from the asthma group actually positive when using the cut-offs shown in Table 9 , are indeed higher when combining the biomarkers rather than using either of the biomarkers alone.
In this study, EDN was shown to have similar diagnostic performance as EOS% and FeNO, both known biomarkers for asthma and used routinely in clinical practice.
The moderate correlation of EDN to FeNO likely reflect different aspects of asthma pathogenesis. EDN may therefore provide additional information for diagnosis and monitoring of asthma together with these markers.
Another important utility may be the application of EDN as a biomarker for preschool children in which FeNO measurement may be difficult to perform and EOS% has not been shown to be a sensitive marker.
Currently, we are working on the clinical utility of EDN in children with recurrent wheeze and preliminary results show that serum EDN may be a promising biomarker to predict the development of asthma. In conclusion, we have shown that EDN can be measured reliably and robustly with the ImmunoCAP platform in both serum and plasma samples. EDN can be used to distinguish asthmatic from healthy children and correlates well with EOS% and could be a valuable complement to both EOS% and FeNO in clinical practice. Fig. 9 . Combination of biomarkers in the asthmatic group. A-C: Open circles: asthma group samples positive for both biomarkers; Blue filled squares: asthma group samples positive for the biomarker on the yaxis, but not the x-axis; Red filled circles: asthma group samples positive for the biomarker on the x-axis, but not the y-axis. Open squares: asthma group samples negative for both biomarkers.
A: sEDN vs EOS%. Vertical dotted line shows cut-off for sEDN (46 μg/l), horizontal line shows cut-off for EOS% (4.25%), n ¼ 37. B: sEDN vs FeNO. Vertical dotted line shows cut-off for sEDN (46 μg/l), horizontal line shows cut-off for FeNO (19.5 ppb), n ¼ 36, one FeNO sample not provided. C: EOS% vs FeNO. Vertical dotted line shows cut-off for EOS% (4.25%), horizontal line shows cut-off for FeNO (19.5 ppb), n ¼ 36, one FeNO sample not provided.
